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Abstract: This paper presents a nonlinear numerical study on the moment resistance of composite
steel-concrete beam using fire insulation subjected to various fire scenarios and basic loading con-
ditions. The temperature-dependent material properties of fire insulation, concrete and steel were
taken into consideration. The nonlinear finite element analysis was done by utilizing a commercial
finite element program, ABAQUS. The obtained moment capacity of the composite I-beam from
the current fire code was also performed and compared. The results showed that the fire scenarios
and the fire insulation thickness have a great influence on the temperature distribution and strength
degradation of the composite beam. The capacity of the beam in hydrocarbon fires, which is the most
severe scenario, decreases faster than that in ISO834 standard fire and external fire. The fire resistance
of the beam increases as the fire insulation thickness increases due to the temperature degradation in
the steel beam. The calculated results from the current fire codes give conservative value at normal
temperature and low temperature. The current fire codes can give unconservative values at high
temperature when there is a great temperature discrepancy between parts of the beam. A new factor
was proposed to determine the fire moment resistance of the composite beam with non-uniform
temperature.

Keywords: nonlinear analysis; composite beam; fire; fire insulation; inelastic strength

1. Introduction

The steel members have been widely used in bridges and buildings because it has
high strength, light weight and high aesthetics. However, the strength and stiffness of
steel degrade rapidly at elevated temperatures leading to reduced loading capacity and
eventually structural failure. Many experimental and numerical studies showed that
the unprotected composite steel-concrete members collapse after 20-30 min of exposure
to fire [1-6]. Thus, the response of steel and composite members under fire has been
concerned in recent years. Besides conducting experiments, the numerical analysis method
has provided effective support for the study of the behavior of the steel and composite
members under normal and high temperature. Sucharda et al. [7] presented a non-linear
numerical analysis of reinforced concrete beams based on the test data from Bresler and
Scordelis [8], and Scordelis and Vecchio [9]. The response of reinforced concrete members
under heating and cooling phases was also investigated by experiment and numerical
simulation [10-12]. Test beams were simultaneously loaded and heated according to fire
scenarios. After that, the structural responses during the heating and cooling phase were
analyzed.

Selden et al. [13] carried out an experimental study on the thermal and structural
behavior of unprotected composite beams with shear connections exposed to fire. They
presented a sequentially coupled thermal-structural modeling using ABAQUS to inves-
tigate the behavior of composite beams [14]. Pak et al. [15] undertook a numerical and
experimental investigation on the behavior of unprotected composite beams exposed to fire.
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The plastic-damage model was used to predict the response of concrete slabs. A method
to determine the stiffness degradation parameter through a nonlinear regression analysis
of concrete test data was proposed. The behavior of fire exposed steel girders under both
combined effects of flexural and shear loading was also investigated [16-19]. These studies
indicated that shear capacity in steel beams can decrease faster than that of moment capac-
ity because the web temperature in steel beams increases faster than flanges temperature
due to the higher slenderness of the web. Kodur and Naser [20] presented a simplified
approach to evaluate the shear capacity of the steel and composite beam under fire.

In order to increase the fire resistance of composite steel-concrete beams, synthetic fiber
and steel fiber were used to reinforce concrete [21-24]. Besides this, fire insulation (FI) was
used to cover the surface of steel beams. Kodur et al. [25] undertook finite element analysis
for the effects of fire scenario and fire insulation on composite beams. The fire behavior of
composite beams was investigated by applying simultaneous uniformly distributed load
and fire exposure. The beam with fire insulation layers of 12.5 mm and 25 mm thickness
collapsed at 60 and 120 min, respectively. Meanwhile, the failure of the beam without fire
insulation occurred at 21 min. Kang et al. [26] experimentally and numerically studied the
fire resistance of corrugated webbed prestressed composite beam covered by fire insulation.
The insulation significantly increases the fire resistance of the beam with fire ratings over
180 min. Kodur et al. [16,27] presented strategies to enhance the fire resistance of steel
bridges. They also stated that the beam using fire insulation can improve the failure time
to 60-120 min. Kang et al. [28] conducted a numerical study on behavior of composite
beam exposed to fire to propose a damage index for the damage judgment. Martinez and
Jeffers [29] numerically investigated the behavior of restrained composite beam exposed
to fire. A macro-modeling approach was proposed to predict the response of restrained
composite beam under fire.

These experimental and numerical simulation studies were conducted based on
the method for verification of the fire resistance of structures in the time domain or the
temperature domain. It means that the structural member is subjected to simultaneous
loads and fire exposure. The load remains stable but the temperature changes in the time
domain method until the members fail or the test is finished. The result of this method
is the failure time or the failure temperature of the structural member. Meanwhile, the
load capacity of structural members at a certain time of the fire corresponding to a specific
temperature is determined from heat transfer analysis and structural analysis in the strength
domain method. This study aims to investigate the plastic moment capacity degradation
of the composite beam with fire insulation under fire. The simply supported composite
I-beam was subjected to a concentrated load at midspan and uniformly distributed load
on the concrete slab. The moment capacity of the composite beam was analyzed by using
a finite element program ABAQUS version 2020 (accessed on 20 January 2021) [30]. The
results from the numerical simulation were compared to Eurocode 4, Part 1-2 [31] and
ANSI/AISC 360-16 [32].

2. Moment Resistance of Composite Beams

The moment resistance of the composite beam in the positive moment can be deter-
mined by Eurocode 4, Part 1-1 [33] in the ultimate limit states. The moment resistance can
be calculated by using plastic theory for Class 1 and Class 2 of steel cross-sections. Eu-
rocode 4, Part 1-1 [33] presents that the plastic resistance moment (Mp; g4) of the composite
beam depends on the plastic neutral axis (PNA) position which is determined from the
equilibrium equation between compressive and tensile forces in the composite section. The
PNA can be located in the concrete slab, in the web, or in the top flange of the steel beam.
Figure 1 shows a typical plastic stress distributions for a composite beam in the case of
PNA within the concrete slab with a fully composite action. The plastic resistance moment
of a composite beam at normal temperature is calculated as

Mpi,rg = Ne,fdc + Ny 5ds D
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where N, r = 0.85f: A. is the design value of the compressive normal force in the concrete
slab with fully composite action; Ny s = fy44s is the design value of the plastic moment
of the steel beam section to normal force; d. and ds are the distances from the PNA to the
centroids of compressive concrete slab and steel beam section, respectively; A. and A are
the effective area of the concrete slab and area of steel cross-section, respectively.

The plastic resistance moment of the composite beam under fire (Mj;; r4) based on
Eurocode 4, Part 1-2 [31] can be determined according to plastic theory and is given by

Myt ra = Zle Adikyify; +0.85 Zle Aidikeife )

where A; and A; are the areas of the steel element and compressed concrete element,
respectively; d; and d; are the distances from the PNA to the centroids of A; and A;,
respectively; k, ; and k. are the reduction factor in yield stress of steel and compressive
strength of concrete at elevated temperature, respectively; f, ; is the yield stress at normal
temperature for A; taken as negative on the tension side of the PNA and positive on the
compression side; f; ; is the compressive strength at normal temperature for A;.
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Figure 1. Typical plastic stress distributions for a composite beam in positive bending.

A retention factor (r1) based on the bottom flange temperature was used in ANSI/AISC
360-16 [32] to calculate the flexural capacity of a composite beam under elevated temperature.

MT = T’T.M() (3)

where rr is the retention factor, as taken in Table 1; My and Mr are the flexural capacity of
the composite beam at normal temperature and elevated temperature, respectively.

Table 1. Retention factor [32].

Bottom Flange Temperature (°C) rT

20 1.00
150 0.98
320 0.95
430 0.89
540 0.71
650 0.49
760 0.26
870 0.12
980 0.05
1100 0.00

3. Finite Element Analysis

The finite element program ABAQUS [18] was utilized to analyze the behavior of
the composite beam under fire. Figure 2 illustrates the analysis procedure which was
conducted in two steps: (1) heat transfer analysis and (2) structural analysis. This process
is commonly used to analyze the behavior of structures under fire [2,25,29,34,35]. The
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temperature in the member obtained from the heat transfer analysis was applied to the

model in structural analysis.
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Figure 2. Chart of two steps in undertaking ultimate strength analysis.

3.1. Heat Transfer Analysis
The heat transfer analysis was conducted for composite beams with or without fire

insulation (FI). The heat flux, h (W/m?), from fire transfers to the beam surface through
convection and radiation, can be determined by Eurocode 1, Part 1-2 [36].

b= ac(Ty =T ) +oegen {(Tf - 273)4 —(Tw + 273)4} @

where «, is the convection coefficient and values for ISO-834 fire, external fire and hydrocar-
bon fire are 25 W /(m?K), 25 W/(m?K) and 50 W/ (m?K), respectively; Trand Ty, are the fire
temperature and the surface temperature of the member (°C); ¢ is the Stefan-Boltzmann
constant (0 = 5.67 x 1078 W/(m?K*)); ¢ is the emissivity of the fire and is taken as 1.0
based on the recommendation from Eurocode 1, part 1-2 [36]; ¢, is the surface emissivity
of the member. Due to the influence of the depth of the beam, the surface emissivity of
parts in the composite beam increases with vertical distance from top to bottom of the
beam. The emissivity factors of the slab, top flange, web, and bottom flange are 0.3, 0.3,
0.5 and 0.7, respectively, based on previous studies [2,25]. In heat transfer analysis, the
four-node heat transfer quadrilateral shell element (DS4) was used to model the steel
beam. The slab concrete and fire insulation were modeled with eight-node linear heat
transfer brick element (DC3D8). The reinforcing steel was simulated using two-node
link (DC1D2). The temperature-dependent thermal properties that included specific heat,
thermal conductivity and density were introduced into the heat transfer model.

3.2. Structural Analysis

The temperatures obtained from thermal analysis were used to impose to the model
in the structural analysis. The mesh size of the model was divided the same as in the
thermal analysis. The fire insulation layer was not taken into account in this step. The slab
concrete, steel beam and reinforcing steel were modeled utilizing an eight-node linear brick
element with reduced integration (C3D8R), the four-node reduced integration shell element
(S4R), and a two-node linear three-dimensional truss (T3D2), respectively. The interaction
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between reinforcing steel and the concrete slab was implemented by using embedded
region. To consider the fully composite action between the steel beam and the concrete
slab, multi-point constraints (MPC) are used to link nodes of shell element and to nodes of
the solid element. The moment capacity of the composite beam was predicted by using
the Riks method, which uses the load magnitude as an additional unknown and solves
simultaneously for loads and displacements. This method is available in ABAQUS [30].
Figure 3 shows the typical three-dimensional meshing and boundary condition of the
simply supported composite beam. Both tips of the bottom flange are restricted against
displacements in X and Y directions. One tip is free to move in the Z-direction for the
roller support and another one is restricted against displacements in the Z-direction for
the hinge support. A convergence study was done to find the optimum mesh size for steel
beam and concrete slab models. Based on the results, elements size of 50 x 50 mm and
50 x 50 x 50 mm were adopted for steel beam and concrete slab models, respectively.

Figure 3. Finite element models and boundary condition: (a) Three-dimensional meshing; (b) Hinge
support; (c) Roller support.

3.3. Material Properties

The temperature-dependent material properties of concrete, steel and fire insulation
must be considered to analyze the behavior of the composite beam under fire conditions.
The properties at high temperature of concrete and steel were obtained according to
Eurocode 2, Part 1-2 [37] and Eurocode 3, Part 1-2 [38], respectively. The thermal properties
of steel were introduced into the heat transfer model including specific heat and thermal
conductivity as shown in Figure 4a-d showed thermal elongation coefficient, yield strength,
proportional limit, elastic modulus and the stress-strain relationship of the steel.

Figure 5a,b shows the specific heat and thermal conductivity of the concrete, respec-
tively. The temperature-dependent mechanical properties of concrete include thermal
elongation coefficient, compressive stress-strain relationship as shown in Figure 5¢,d. The
thermal elongation coefficient of concrete was shown in Figure 4b. The fire insulation used
in this study is CAFCO 300, which is widely employed to enhance the fire resistance of
structure [25,29,39-41]. Temperature-dependent thermal properties of CAFCO 300 were
taken from the experiment conducted by Imran et al. [41]. Figure 6 shows the density,
thermal conductivity, and specific heat of CAFCO 300 as a function of temperature.
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Figure 4. Material properties of steel at high temperature: (a) Specific heat and thermal conductivity;

(b) Thermal elongation; (c) Strength and stiffness reduction factor; (d) Stress-strain curve at elevated
temperature.
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Figure 5. Material properties of concrete at high temperature: (a) Specific heat; (b) Thermal conduc-
tivity; (c) Strength and stiffness reduction factor; (d) Stress-strain curve at elevated temperature.
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Figure 6. Material properties of insulation at high temperature: (a) Density; (b) Specific heat and
thermal conductivity.

4. Validation of Model

The verification of the model was performed by comparing finite element analysis
(FEA) results with test data of the composite steel-concrete beam conducted by Wainman
and Kirby [42]. The beam was subjected to four-point loads and ISO-834 fire [43] exposure
until failure. Figure 7a illustrates the boundary and loading conditions of the tested beam
and Figure 7b shows the detail sectional dimensions. This composite beam includes a steel
beam with a yield stress of 255 MPa and a concrete slab with a compressive strength of
30 MPa.

Figure 8 presents a comparison between FEA results and test data. Figure 8a presents
that the temperatures in the steel beam obtained from FEA results are in good agreement
with that from test data. Figure 8b shows the comparison of midspan deflection between
FEA and test data. The deflection at midspan increased with time exposed to fire and the
beam failed at 22.5 min. The FEA results provided good agreement with the test data with
a predicted failure time of 22 min. The results indicated that the finite element model gave
reliable results to investigate the fire resistance of composite beam under fire.

I~ 642 mm
P P T P T LT
mmi <. .  ConcreteSlab - ..t
1133 mm 1133 mm g g e e Te e tivey

Steel Beam 254x146

4530 mm i 12.6 mm
(a (b)

Figure 7. Tested beam layout used in validation model: (a) Boundary and loading conditions; (b) Cross-section.
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Figure 8. Comparison of FEA results and test data: (a) Temperature in steel beam; (b) Midspan deflection during fire.

5. Model Properties

A steel I-beam with M700 x 300 cross-section from Hyundai Steel [44] supporting a
concrete slab with 200 mm thickness was selected to investigate the fire resistance of the
simply supported composite beam under fire. Tables 2 and 3 present the detailed properties
of the steel beam and concrete slab under normal temperature and elevated temperature,
respectively. Load cases include a concentrated load at midspan (LC1) and uniformly
distributed load on the concrete slab (LC2). Figure 9a shows the loading conditions and
the clear span length of 14 m. Figure 9b illustrates the cross-section of the composite beam.
Longitudinal reinforcing steels with a diameter of 14 mm were used in the concrete slab.

r 1200 -
q\ P Longitudinal relnforc:anmn;nt D14 -
\\' T [e, e e e, Tel T e e
P P 200 L Gonersosal £ T |
“ 700 mm I+
L 14.0m | | 12“ Ll
300 mm |
(a) (b)

Figure 9. Composite beam used in analysis: (a) Boundary and loading conditions; (b) Cross-section of composite beam.

Table 2. Properties of composite beam.

Types Properties Values
Beam height, i (mm) 700
Flange width, bf (mm) 300
Flange thickness, f; (mm) 24
Steel beam Web thickness, t;, (mm) 13
Elastic modulus, E (GPa) 210
Yield stress, f, (MPa) 275
Poisson’s ratio, s 0.3
Slab thickness, t; (mm) 200
Slab width, b, (mm) 1200

Concrete slab Compressive strength, f. (MPa) 30

Poission’s ratio, p 0.2

Fire insulation with the thickness of 10 mm, 20 mm and 30 mm was used to cover the
steel beam to investigate the influence of fire insulation on the behavior of the composite
beam as shown Figure 10. The influence of fire scenarios on the behavior of the composite
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beam was also taken into account. Figure 11 shows the temperature-time curves for the
various fire scenarios; hydrocarbon (HC) fire, ISO-834 and external fire.

Table 3. Properties of steel and concrete at elevated temperature.

Steel Beam Concrete Slab
Teml()oeé?ture Yield Stress, fy  Elastic Modulus, Compressive Elastic Modulus,
(MPa) E (MPa) Strength, f. (MPa) E (MPa)
20 275.00 210,000 30.00 30,588.56
100 275.00 210,000 30.00 30,588.56
200 275.00 189,000 28.50 27,606.18
300 275.00 168,000 25.50 22,100.24
400 275.00 147,000 22.50 17,206.07
500 214.50 126,000 18.00 11,011.88
600 129.25 65,100 13.50 6194.18
700 63.25 27,300 9.00 2752.97
800 30.25 18,900 4.50 688.24
900 16.50 14,175 240 195.77
1000 11.00 9450 1.20 48.94

D )

L% Concrete Slab.

_Steel beam

_Fire insulation
¥ (only for heat
transfer analysis)

R

Figure 10. Protected steel beam using insulation.
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o]
o
o
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400 ——1S0-834
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0 T r T T r
0 10 20 30 40 50 60
Time (min)

Figure 11. Various fire scenarios.

6. Finite Element Analysis Results
6.1. Temperature Distribution in the Beam

Table 4 illustrated the temperature distributions in the composite beams subjected to
fire. The data show that the temperature distributions in the steel beam and the concrete
slab are non-uniform on the depth of beam cross-section. Due to the effect of the fire
insulation, this non-uniform distribution of temperature in the steel beam becomes more
evident as the fire insulation thickness increases. The temperature in the steel beam using
FI decreases as the FI thickness increase. The temperature in the concrete slab is much
lower than the temperature in the steel beam because the concrete slab has a large thickness
as well as its low thermal conductivity and higher specific heat compared to the steel beam.
Figure 12a—c indicate the temperature-time graphs of the steel beam subjected to ISO-834
fire, external fire and hydrocarbon fire, respectively. The temperature of the top flange in
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all cases is much smaller than the temperature in the web and the bottom flange because
the top flange was protected by the concrete slab with lower thermal conductivity and
higher thermal capacity. The web temperature is slightly higher than the bottom flange
temperature because the web thickness is thinner and the web surface area exposed to
fire is larger than the flange. In the case of without FI, the temperatures in the bottom
flange and web increase gradually with the increasing pace of the fire temperature and go
asymptotically to the peak temperature of the fire. The maximum temperatures in the steel
beam are 938 °C in ISO-834 fire, 679 °C in external fire, and 1100 °C in HC fire at 60 min.

The insulation has a great effect on temperature in steel beams. In ISO-834 fire and
external fire, which are less severe than HC fire, the effect of insulation is very good. In
the case of ISO-834, the temperature in the steel beam increases slowly after 40 min and
the temperature in the steel beam is less than 400 °C at which the yield strength of steel
remains unchanged compared to the normal temperature, as shown in Figure 4c. At 60 min,
the maximum temperatures in the steel beam are 720 °C with 10-mm-thickness FI, 451 °C
with 20-mm-thickness FI and 270 °C with 30-mm-thickness FI. The temperature in the steel
beam also increases slowly and is less than 400 °C after 60 min in the case of external fire.
In the most severe fire scenario of the HC fire, the temperature in the steel beam is higher
than that in the cases of ISO-834 and external fire. At 60 min, the maximum temperatures
in the steel beam are 1091 °C with 10-mm-thickness FI, 1027 °C with 20-mm-thickness FI,
and 870 °C with 30-mm-thickness FI, respectively.

Table 4. Temperature distribution in ISO-834 fire at 30 min.

Cases Temperature in Steel Beam Temperature in Slab and FI

NT11

Without FI
34
FI
(t=10 mm)
FI
(t =20 mm)
FI

(t=30 mm)
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Figure 12. Temperature distribution in steel beam: (a) ISO-834 fire; (b) External fire; (¢) Hydrocarbon fire.

6.2. Influence of Fire Scenarios and Load Cases on the Moment Resistance

The influence of fire scenarios on the bending capacity of the composite beam is
investigated with three different fire scenarios, namely, ISO-834, external fire and HC
fire. Figure 13 presents the reduction ratio in the bending capacity of the composite beam
without FI. The FEA results were plotted as the ratio of the bending capacity of the
composite beam at fire exposure time (Mr) to the bending capacity at normal temperature
(Mp). The fastest decreasing in the moment capacity of the composite beam was observed
in HC fire. The moment resistance degrades rapidly to 22% after 10 min of HC fire exposure
and then decreases gradually to 5% at 60 min for LC1. Meanwhile, the moment resistance of
the composite beam reduces to 41% and 56% at 20 min in the case of ISO-834 and external
fire, respectively. After that, the moment resistance of the composite beam decreases
steadily to 11% at 60 min in the case of ISO-834, whereas the moment capacity degrades
gradually to 37% at 60 min in the case of external fire. Figure 13 also shows that the bending
capacity of the beam under fire with a uniformly distributed load (LC2) decreases more
than that with the concentrated load (LC1). The bending capacity of the beam with LC2
degrades to 3%, 9% and 36% at 60 min in the cases of HC fire, ISO-8324 and external fire,
respectively.

1.2
—&—LC1-1SO 834
10 —=&— LC1-External Fire
—#A— LC1-HC Fire
08 | --@-- LC2-1SO 834
< . --#-- LC2-HC Fire
\,_ 06 --0-- LC2-External Fire
s
044 W\ N T
0.2 1 -
0.0 — o - ” ’
0 10 20 30 40 50 60

Time (min)

Figure 13. Reduction ratio of the composite beam without fire insulation.
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6.3. Influence of Fire Insulation Thickness on the Moment Resistance

To investigate the influence of FI thickness on the fire resistance of composite beam,
the FI with thicknesses of 10, 20 and 30 mm was used to protect steel beams. Figure 14
shows the reduction ratio in moment capacity of composite beam with LC1. The FEA
results of Figure 14 indicate that the moment resistance of the composite beam using FI is
greater than that in the case of without FI and the capacity of the beam using FI increases
as the FI thickness increases because the temperature in the steel beam using FI is much
smaller than that in the case of without FI and the temperature in the beam decreases as
the FI thickness increases.

Figure 14a shows the reduction ratio in the moment capacity of the composite beam
with and without FI in ISO-834 fire. In the case of beams using FI, the thickness of FI
has a negligible effect on the fire resistance of the protected composite beam at 40 min.
The moment capacity decreases gradually to 41% with 10-mm-thickness FI, 92% with
20-mm-thickness FI, and 97% with 30-mm-thickness FI at 60 min.

In the case of external fire, the moment resistance of the composite beam using FI
degrades slightly at 60 min, as shown in Figure 14b. The moment capacity of the composite
beam reduces to 97% with 10-mm-thickness FI, 98% with 20-mm-thickness FI, and 99%
with 30-mm-thickness FI.

In the case of HC fire, which is the most severe fire, it was also seen that the moment
capacity of the beam using FI is greater than that without FI as shown in Figure 14c. In the
case of beams using FI, the thickness of FI has a significant effect on the fire resistance of
the composite beam. The moment capacity decreases quickly to 8% with 10-mm-thickness
FI, 12% with 20-mm-thickness FI, and 23% with 30-mm-thickness FI at 60 min.

1.2 1.2
1.0 O—0 1.0
—
0.8 1 0.8 4
o o
= 06 § 0.6
~
= =
0.4 04
—0—1S0 834 -Without FI —0—External Fire -Without FI
0.2 {—8-1SO834-10 mm FI 0.2 1 —@—External Fire -10 mm FI
—0—I1S0 834 -20 mm FI : —o— External Fire -20 mm FI
—&—1S0 834 -30 mm F| —a— External Fire -30 mm FI
0.0 T T T 1 0.0 T T
0 10 30 50 60 0 10 30 50 60
Time (min) Time (min)
(a) (b)
1.2
—0—HC Fire -Without FI
~&—HC Fire -10 mm F|
1.0 ¢ —o—HC Fire -20 mm F|
—a&—HC Fire -30 mm FI
0.8 4
o
§ 0.6
~
S
04 4
0.2
0.0 T T T r T !
0 10 20 30 40 50 60
Time (min)
(c)

Figure 14. Reduction ratio of the composite beam with LC1: (a) ISO-834 fire; (b) External fire; (c) Hydrocarbon fire.

6.4. Comparison with Design Codes

A comparison between the FEA results and Eurocode 4, Part 1-2 [31] and ANSI/AISC [32]
was done for the composite beam with and without FI subjected to fire. The results obtained
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from FEA, Eurocode 4 and ANSI/AISC are presented in Table Al (see Appendix A). In
Figure 15, the ratios of the FEA results to Eurocode 4 and ANSI/AISC are plotted against
the bottom flange temperature in the steel beam. The results indicate that the FEA results
give good agreement with both design codes when the bottom flange temperature in the
steel beam is less than 400 °C. It can also be observed that the moment resistance of the
composite beam using Eurocode 4 and ANSI/AISC can give unconservative values when
the maximum temperature in the steel beam is greater than 400 °C. In the case of using
Eurocode 4, the maximum differences for an unconservative estimate are 41.2% and 309.1%
for LC1 and LC2, respectively. In the case of using ANSI/AISC, the maximum differences
for an unconservative estimate are 26.4% and 167% for LC1 and LC2, respectively. This is
because there is a large temperature difference between the parts of the beam, as shown in
Figure 12. Therefore, the strength and stiffness of the top flange are much greater than those
of the bottom flange and web. The top flange can be not stressed to its yield strength when
the beam fails. ANSI/AISC recommends that the temperature should be taken as constant
between the bottom flange and the web and the temperature difference between the web
and the top flange of the beam is not more than 25%. Besides this, the moment resistance
of the composite beam using Eurocode 4 is based on plastic theory and the steel members
are stressed to their yield strength in compression or tension. Thus, as the temperature in
the steel beam increases and the larger the temperature difference between the parts are,
the more unconservative results are.

2.5 25
ALC1 (Concentrated load) ALC1 (Concentrated load)
, | oLcz(uniform ioad) , | oLc2(uniform ioaa) a0
< A
) © R
Q15 1 S 151 A
g . g M
= A (@) o
w1 -WWKQ—A—LA o 1 wam_a% 3 5 o
< “ AAooAA Ag < o 48, o
& 05 o o° © ﬁ (? o o
. P o o0 d§) i 0.5 °g Oo
o
0 T T T T T 0 . . ; . .
0 200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Bottom flange temperature (°C) Bottom flange temperature (°C)
(@) (b)

Figure 15. Comparison between FEA results and design codes:

(a) Eurocode 4, Part 1-2 [31]; (b) AISC [32].

6.5. Proposal for Fire Resistance Moment

The new equation for the fire resistance moment of composite beams with non-uniform
temperature is proposed based on Equation (3) and FEA results

My; = .My ©)
f
where r7 is taken in Table 5; My and My are the nominal flexural capacity at normal
temperature and under fire, respectively; f is the new factor for the fire resistance moment
of composite beams with non-uniform temperature and is determined according to the
bottom flange temperature (T), as given in Table 5.
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Table 5. Factors for composite flexural beams under non-uniform temperature.

Load Cases Bottom Flange Temperature, T (°C) f rT

T <430 1 AISC*
430 < T < 650 0.0016T + 0.2982 AISC*
LC1 650 < T < 800 —0.0009T + 1.9771 AISC*
800 < T < 1000 —0.0028T + 3.4557 AISC*

T =1100 1 0.05
T <430 1 AISC *
430 < T <870 0.0051T — 1.2825 AISC *
Le2 870 < T < 1000 —0.0124T + 13.846 AISC *

T =1100 1 0.025

AISC *: rr is taken according to the AISC, as shown in Table 1.

Figure 16 shows the comparison of reduction ratio in the fire resistance moment of
the composite beam between FEA results, AISC 360-16 and the proposal equation. It
can be seen that the proposal for fire resistance moment provides conservative values for
most cases and good agreement with FEA results. It can be seen that the proposal for
fire resistance moment provides conservative values for most cases and good agreement
with FEA results. Figure 17 shows the ratio of FEA results to predicted values from the
proposal for both load cases. The data above the line of 1 gives conservative estimates or
is safe with respect to FEA. The figure shows that the proposal gives conservative values
for most cases of both load cases. The maximum differences for a conservative estimate
are 47% and 62.5% for LC1 and LC2, respectively. It also shows that 2.4% of the models
provide unconservative value with a maximum difference of 6.2% for LC2. Comparing
Figures 15 and 17 shows that the capacity of the composite beam predicted by the using
new proposal gives more reasonable accuracy and is safer.

1.20
O FEA_Concentrated Load O FEA_Uniform Load
- - - - AISC 360-16 1.00 -{momm - = = -AISC 360-16
Proposal_Uniform Load
Proposal_Concentrated Load
0.80 A
oS
= 060 |
=
=
0.40 A
0.20 A
(59
T T T T — 0.00 T T T T T
200 400 600 800 1000 1200 0 200 400 600 800 1000 1200
Bottom flange temperature (°C) Bottom flange temperature (°C)
(a) (b)

Figure 16. Comparison between FEA results and proposal equation: (a) LC1; (b) LC2.
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Figure 17. Accuracy of reduction factor obtained from FEA compared to new proposal.
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7. Conclusions

This study presents the moment resistance of composite steel-concrete beam using fire
insulation subjected to various fire scenarios and basic loading condition. The nonlinear
finite element analysis was done by utilizing ABAQUS. The following conclusions can be
drawn based on the results of finite element analysis:

(1) Temperature within the beam subjected to fire is non-uniformly distributed and
the temperature in the steel beam using FI decreases as the FI thickness increase.

(2) The fastest decrease in the moment resistance of the composite beam was observed
in HC fire. The moment resistance of the composite beam under fire with a uniformly
distributed load decreases more than that with the concentrated load. The moment capacity
degrades to 5% and 3% at 60 min for LC1 and LC2 in the case of without FI, respectively.

(3) The moment resistance of the composite beam using FI is greater than that in
the case of without FI. In addition, the capacity of the beam using FI increases as the FI
thickness increases due to the temperature degradation in the steel beam. The moment
capacity of the beam with 10- and 30-mm-thickness FI decreases to 12% and 23% for LC1 in
the case of HC fire, respectively. Besides this, in the external fire, which is the least severe
scenario, the influence of FI thickness on fire resistance of protected composite beam is not
significant in the external fire when the FI thickness increases from 10 mm to 30 mm. The
moment capacity of the composite beam is almost unchanged after 60 min of exposure to
external fire.

(4) The calculated moment capacities of the composite beam from Eurocode 4 and
ANSI/AISC were also generated and compared to the FEA results. A good agreement is
observed between FEA results and fire design codes when the bottom flange temperature
in the steel beam is less than 400 °C. Nonetheless, the moment capacity of composite
steel-concrete beams using both fire codes can give unconservative results when the bottom
flange temperature in the steel beam is greater than 400 °C.

(5) A new factor was proposed for predicting the moment capacity of composite steel-
concrete beams subjected to a concentrated load at midspan and uniformly distributed
load under non-uniform heating condition. The suggested equation provides conservative
values for most cases and good agreement with FEA results.
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Appendix A

This appendix presents Table Al in which the results obtained from the FEA analysis
and design codes are summarized.
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Table A1l. Moment capacity obtained from Eurocode 4, ANSI/AISC, FEA and proposal; unit: kN-m.
. . Bottom Flange Eurocode 4 AISC FEA Proposal
Cases Time, Min >

Temperature, °C LC1,LC2 LC1,LC2 LC1 LC2 LC1 LC2
0 20 2819.3 2819.3 20001 285931 28193 28193
5 158 2819.3 2758.9 2869.0 281803 27589 27589
10 355 2751.0 2623.9 27525 270872 26239 26239

1SO834-Without 20 646 1202.3 1404.4 12062  897.87 10546 6981
FI 30 745 801.3 820.0 7693 51029 6277 325.6

40 850 5217 408.9 5201 33560 3805 1339

50 905 368.8 276.0 4023 28023 2992 105.0

60 936 291.9 219.3 371 25271 263.0 98.1
5 160 2819.3 2757.7 28692 281669 27577 27577
10 356 2750.0 26225 27518 270787 26225 26225
20 582 1610.9 1763.1 16175  1560.86 14335  1044.9

. External 30 652 1251.2 1371.3 12339 116145  986.1 671.8
fire-Without FI 40 672 1158.2 1254.1 11213 107958 9136 585.3
50 677 1112.0 1219.6 10827 104274 8919 561.4

60 679 1084.6 1209.2 10650 102045 8853 554.3
5 505 1979.8 2163.4 19916 175124 19558 16735

10 780 658.7 662.2 6316 29019 5192 2458

o 20 1073 286.3 316 2660 11645  141.0 70.5

HC fire-Without 30 1096 180.9 46 1997 10093  141.0 705

FI 40 1099 141.8 0.8 166.2 9929 1410 70.5

50 1100 1315 0.2 156.4 9910 1410 70.5

60 1100 1281 0.0 150.4 98.05 1410 70.5
5 2 2819.3 2809.6 28851 283686  2809.6  2809.6
10 85 2819.3 2790.9 28767 282333 27909  2790.9
20 153 2819.3 2761.3 28538 280558 27613 27613
IS0834-10 mm 30 21 2819.3 27274 28371 278076 27274 27274
FI 40 300 2819.3 2688.3 28200 275808 26883 26883
50 464 2300.6 2350.6 2006 227533 22575 21648

60 658 1118.4 1336.1 11842 78420 9646 644.9
5 45 2819.3 2808.5 29001 283594 28085 28085
9 66 2819.3 2799.3 28845 282455 27993 27993
. 21 151 2819.3 2762.2 28777 2807.03 27622 27622
External fire-10 29 189 2819.3 27435 28619 279446 27435 27435
mm FI 43 265 2819.3 2705.9 28529 277878 27059 27059
50 293 2819.3 2691.8 28354 276442 26918 26918
60 334 2817.4 2656.9 2819.6 275425 26569 26569
5 75 2819.3 27955 28768 282611 27955 27955
10 265 2819.3 2705.8 28286 277621 27058  2705.8

, 20 648 1138.4 1393.2 12413 76541 10437  689.1

HC fire-10 mm 30 840 570.7 4452 4404 22435 4036 1483

FI 39 988 404.9 131.2 2869 14210  190.6 825

49 1055 288.4 526 2339 11504  141.0 70.5

60 1082 219.4 211 260 10686 1410 70.5
5 29 2819.3 28153 28894 284656 28153 28153
1 53 2819.3 2805.0 28835  2837.19 28050  2805.0
21 98 2819.3 2785.6 28695 282249 27856  2785.6
150834-20 mm 30 133 2819.3 2770.2 28594 281107 27702 27702
FI 40 166 2819.3 2754.8 28380 280111 27548 27548
50 236 2817.7 2720.1 28318 2782.86 27201 27201
60 412 2686.4 2537.1 26761 261982 25371  2537.1
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Table Al. Cont.

. . Bottom Flange Eurocode 4 AISC FEA Proposal
Cases Time, Min >

Temperature, °C LC1,LC2 LC1,LC2 LC1 LC2 LC1 LC2
5 27 28193 2816.1 28875 283753 28161 28161
1 54 2819.3 2804.7 28834 282548 28047 28047
, 20 90 2819.3 2789.0 28735 281975  2789.0  2789.0
External fire-20 30 124 2819.3 27743 28672 281533 27743 27743
mm FI 41 148 2819.3 2763.8 28584  2808.62 27638 27638
49 165 2819.3 27553 28497 280007 27553 27553
60 194 2819.0 2740.8 28427 279445 27408 27408
5 50 2819.3 2806.5 28833 283945 28065  2806.5
10 179 2819.3 2748.6 28565 280673 27486 27486
, 20 459 2334.9 2376.5 24076 233641 23024 22482

HC fire-20 mm 30 636 1197.5 1460.8 11559 70158 11103 7451
FI 40 754 7292 767.6 6265 29180  591.2 299.4

51 871 514.9 336.0 4301 12586 3307 1105

60 954 4286 187.1 3336 12416 2387 93.0
5 24 2819.3 2817.3 28029 285194 28173  2817.3
10 39 2819.3 2810.9 2886.9 284253 28109 28109
20 70 2819.3 27974 28764 283312 27974 27974
150834-30 mm 29 99 2819.3 2785.0 2869.4 282257 27850  2785.0
FI 41 130 2819.3 27715 28532  2812.02 27715 27715
50 164 2818.6 2756.0 2840.8  2802.80 27560  2756.0
60 270 28137 2703.1 28270 278413 27031 27031
5 25 2819.3 2817.2 28882  2851.04 28172  2817.2
10 39 2819.3 2811.2 28865 284435 28112 28112
, 19 65 2819.3 2799.8 28777 283550  2799.8  2799.8
External fire-30 30 92 2819.3 2788.1 2869.7 282664 27881  2788.1
mm FI 40 113 2819.3 2779.0 28616 282147 27790  2779.0
54 136 2819.3 2768.9 28578 281616 27689 27689
60 143 2819.3 2765.8 28549 281026 27658  2765.8
5 39 2819.3 2811.2 28870 284617 28112 28112
10 134 2819.3 2769.8 28634 281841 27698  2769.8
, 20 324 2819.3 2672.3 27897 275356 26723 26723
HC fire-30 mm 30 493 2151.4 2217.2 21479 200416 20389  1797.8
FI 40 619 1304.9 1555.4 12915 93884 12068 8295

51 717 855.0 987.7 8575 50452 7416 4162

60 777 677.8 670.6 6720 31934 5249 250.0
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